Aims/hypothesis Type 1 and type 2 diabetes are characterised by a beta cell deficit. Islet hyperplasia has been described in patients with Zollinger-Ellison syndrome secondary to gastrin-producing tumours (gastrinomas), and gastrin therapy has increased beta cell mass in rodents and human islets in vitro. In the present studies we addressed the following questions: (1) In pancreas specimens from gastrinoma cases, is the fractional beta cell area increased? (2) If so, is this restricted to tumour-adjacent islets or also present in tumour-distant islets? (3) Is new beta cell formation (beta cell replication and islet neogenesis) increased and beta cell apoptosis decreased in pancreas specimens from gastrinoma cases? Methods Pancreas was obtained at surgery from four patients with Zollinger-Ellison syndrome caused by pancreatic gastrinomas and 15 control subjects at autopsy. Results Islet fractional beta cell area (p<0.001), islet size (p<0.001) and beta cell replication (Ki67 staining) (p<0.05) were increased in islets adjacent to the tumours, but not in tumour-distant pancreas, compared with control subjects. We did not observe any differences in beta cell apoptosis or in the number of insulin-positive cells in ducts either adjacent to or distant from the tumour.
Introduction
Type 1 and type 2 diabetes are characterised by impaired insulin secretion and diminished beta cell mass [1] [2] [3] . Beta cell replacement therefore represents a possible therapeutic approach for patients with diabetes [4] . Pancreas and islet transplantation restore insulin secretion and glucose control in patients with type 1 and type 2 diabetes [5, 6] . However, donor shortage, the need for life-long immunosuppression, and progressive graft failure in islet transplantation limit these treatments [7, 8] . An alternative approach to increase beta cell mass in patients with diabetes would be to enhance beta cell regeneration from endogenous sources and/or to inhibit beta cell apoptosis [4, 9, 10] .
The gastrointestinal hormone gastrin increased beta cell mass and alleviated hyperglycaemia in rodent models of diabetes [11] [12] [13] . However, the capacity for beta cell regeneration appears to be less in humans than in rodents [2, [14] [15] [16] , and the effect of chronic hypergastrinaemia on beta cell mass and replication in humans is unknown. Moreover, chronic administration of gastrin to patients is associated with a high frequency of gastrointestinal side effects [17] , thus limiting clinical studies in humans where the effects on beta cell mass would not be measurable.
One way of studying the potential effects of gastrin on beta cell replication in humans in vivo is to examine the pancreas removed surgically from patients with gastrinproducing tumours. Indeed, excessive secretion of gastrin resulting in the induction of gastrointestinal ulcers and diarrhoea is a typical feature of patients with ZollingerEllison syndrome [17, 18] , and previous studies reported increased islet size in pancreatic specimens from patients with gastrinomas [18] [19] [20] . Pancreatic endocrine tumours may release many growth factors [21] ; thus, the apparent increase in islet size might have been due to paracrine release of tumour-related factors rather than systemic gastrin. In the case of the former, the islet hyperplasia might be expected to be more prominent in islets adjacent to the tumour. Also, it is not known through which mechanism islet hyperplasia occurs in gastrinoma cases, and changes in beta cell turnover (new beta cell formation and beta cell apoptosis ) have not yet been studied in such patients.
In the present studies, we addressed the following questions: (1) Is the fractional beta cell area increased in patients with intrapancreatic gastrinomas? (2) If so, is this effect restricted to islets adjacent to the tumour (suggesting a paracrine effect) or also present in more tumour-distant islets (suggesting a systemic effect)? (3) Is new beta cell formation (beta cell replication and putative islet neogenesis from ductal cells) increased and is beta cell apoptosis decreased in pancreas specimens from gastrinoma cases?
Subjects and methods

Study protocol
The study protocol was approved by the Institutional Review Board of the Mayo Clinic (Rochester, MN, USA) (IRB-no. 180-05).
Cases Human pancreatic tissue was obtained at surgery from four patients (one female, three male), who underwent laparotomy for the removal of pancreatic gastrinomas. All patients presented with typical Zollinger-Ellison syndrome (diarrhoea, nausea, gastrointestinal ulcers). This clinical diagnosis was confirmed in all cases by highly elevated plasma levels of gastrin (Table 1) , as well as by the detection of pancreatic tumours. The symptoms of ZollingerEllison syndrome and the high gastrin levels resolved in each of the four cases after resection of the pancreatic tumour.
The patients were 51.0±5. 5 [means±SD] years old, and presented with a BMI of 25.4±1.8 kg/m 2 . All cases were non-diabetic prior to surgery. One case (no. 1) presented with multiple endocrine neoplasia type 1 (MEN1). The other three cases presented with a single intrapancreatic gastrinoma. A clinical diagnosis of MEN was excluded in these cases by the absence of hypoglycaemia, hyperparathyroidism and additional intrapancreatic or pituitary adenomas at diagnosis or during follow-up. The number of tissue blocks analysed in each case was 14, 10, 4 and 3, respectively. Sections of tumour tissue and of tumour-free pancreas tissue were available from all cases.
Control subjects Human pancreatic tissue from 15 nondiabetic subjects (seven male, eight female) of similar age and BMI and without a history of Zollinger-Ellison syndrome or other endocrine diseases was obtained at autopsy. They were 52.8±8.4 years old (p=0.69 vs gastrinoma cases), with a BMI of 25.3±1.8 kg/m 2 (p=0.92). To be included, control subjects were required to have (1) had a full autopsy within 24 h of death, and (2) pancreatic tissue stored that was of adequate size and quality. Subjects were excluded if pancreatic tissue had undergone autolysis or showed evidence of acute pancreatitis.
Pancreatic tissue processing Pancreas was fixed in formaldehyde and embedded in paraffin for subsequent analysis as previously described [2] . Sequential 5-μm sections were stained as follows: (1) for insulin (peroxidase staining) and haematoxylin for light microscopy; (2) gastrin (peroxidase staining) and haematoxylin for light microscopy; (3) insulin, terminal deoxynucleotidyl transferase-mediated dUTPbiotin nick end-labelling (TUNEL) and 4,6-diamidino-2- Morphometric analysis For morphometric analyses, pancreatic tissue in all cases was divided into (1) tumour tissue, (2) pancreatic tissue directly adjacent to the tumour (within 1 cm) and (3) pancreatic tissue not adjacent to the tumour (distance >1 cm). For the determination of the fractional beta cell area, each pancreatic section was imaged at ×40 magnification (×4 objective), and the ratio of the beta cell area:exocrine area was digitally quantified, as previously described [2] , using Image Pro Plus software, version 4. 5.1 (Media Cybernetics, Silver Springs, MD, USA).
For the determination of beta cell replication and beta cell apoptosis, the number of beta cells positive for Ki67 or TUNEL was manually counted in each tissue section and expressed in relation to the respective beta cell area.
For the determination of islet size, 20 representative islets adjacent to the tumour (within 1 cm) and distant from the tumour (>1 cm from the tumour) were imaged in the gastrinoma cases, and 15 representative islets were imaged in the control subjects, all at ×20 magnification. Each islet was then analysed using Image Pro Plus software, as previously described [2] .
To measure the nuclear diameter, insulin-stained sections of pancreas (peroxidase) counterstained with haematoxylin were used, as previously described [22] . Five islets per section selected at random were photographed at ×200 magnification on an Olympus IX70 inverted system microscope (Olympus America, Melville, NY, USA). These islets were then examined to identify five representative beta cell nuclei each. Selection criteria included the clear presence of the nucleus within a beta cell, the ability to clearly visualise nuclear boundaries, circular shape (similar dimensions in all directions), and the appearance to the observer that the nucleus had been sectioned through its maximum diameter. Once the identified nucleus was encircled, measurement of 180 nuclear diameters per nucleus was made using Image Pro Plus software, which quantified these 180 diameters at 2°angles throughout the circumference of the nucleus. Thus, the mean of 4500 single measurements per subject was used to compute the mean nuclear diameter per section. To evaluate the association of beta cells with exocrine ducts, the percentage of duct cells that were immunoreactive for insulin was quantified in each section, as previously described [2] .
Statistical analysis Subject characteristics are reported as means±SD, results are presented as means±SEM. Statistical calculations were carried out by one-way ANOVA and Duncan's post hoc test or the Student's t-test, as appropriate, using Statistica, version 6.0 (Statsoft, Tulsa, OK, USA). A p value of <0.05 was taken to indicate a significant difference.
Results
Pre-operative plasma gastrin levels were elevated in all cases with Zollinger-Ellison syndrome (1,162±631 pg/ml; normal range 0-115 pg/ml; Table 1 ). Tumour tissue was identified in the pancreatic sections from all cases. Gastrin staining was detectable in tumour specimens from two out of four cases, at variable intensities. Insulin-positive cells were also occasionally observed in tumour specimens from all cases (Fig. 1) .
Histological evaluation of the tumour-free pancreatic tissue demonstrated hyperplastic islets in all cases with Zollinger-Ellison syndrome compared with healthy control subjects, but these were located in close proximity to the tumour, and islets more remote from the tumours did not appear to be enlarged. Islets adjacent to the tumours were often found embedded in connective tissue as well as in close proximity to adipocytes (Fig. 2) , but islet hyperplasia was also readily detectable in tumour-adjacent islets that were surrounded by exocrine acinar parenchyma.
The fractional beta cell area was greater in the tumour-free pancreas of the gastrinoma cases than in the pancreas of the control subjects (Fig. 3) . However, on further analysis it was apparent that this increase in the fractional beta cell area was only present within a 1-cm margin of the tumour; the fractional beta cell area was not increased in the tumour-distant pancreas (p<0.001; Fig. 3 ). The increase in fractional beta cell area in the tumour-adjacent pancreas tissue from cases with Zollinger-Ellison syndrome was accounted for by an increase in islet size (p<0.001; Fig. 3) .
Beta cell replication, as measured by the frequency of Ki67 labelling, was increased in the tumour-adjacent pancreas tissue from the gastrinoma cases (p<0.05; Figs. 4 and 5) . In contrast, there was no detectable difference in beta cell replication between the tumour-distant pancreatic tissue from the cases and the control tissue (Fig. 5) . The percentage of duct cells positive for insulin was not different between gastrinoma cases and control subjects (p=0.68), either adjacent to or remote from the tumour.
The mean beta cell nuclear diameter was decreased in gastrinoma cases relative to that in control subjects (p<0.001; Fig. 6 ). There was no difference in the beta cell nuclear size between the tumour-adjacent and the tumour-distant tissue specimens from the gastrinoma cases (p=0.49).
Discussion
We report that, in gastrinoma cases, the fractional beta cell area and the mean islet size are increased in tumour-adjacent pancreas but not in pancreas >1 cm from the tumour. Moreover, we report increased beta cell replication in islets adjacent to gastrinomas, but not in tumour-distant islets.
The present findings are consistent with previous reports showing islet hyperplasia in pancreas specimens from some patients with Zollinger-Ellison syndrome [18] [19] [20] . In the earlier studies, one might have argued that the coincidence of islet hyperplasia and gastrinoma may have indicated underlying MEN1. However, here we note that the islet hyperplasia is restricted to the rim of pancreas around the gastrinoma, and does not involve islets >1 cm from the tumour, implying that a product of the tumour rather than neoplastic transformation is driving beta cell hyperplasia. Therefore, our studies extend the prior findings to show that fractional beta cell area is increased as a result of upregulated beta cell replication and that both islet hyperplasia and increased beta cell replication are restricted to islets adjacent to the pancreatic tumours. Since the circulating plasma levels of gastrin were markedly elevated in all patients with Zollinger-Ellison syndrome, this suggests that promotion of beta cell replication in humans in vivo either requires the very high concentrations of gastrin released immediately adjacent to the tumour or, indeed, may be a consequence of local release of other secretory products from these pancreatic tumours.
The islet hyperplasia in the case with MEN type 1 reported could theoretically be a consequence of beta cell neoplasia. However, the fact that islet hyperplasia in this case was also restricted to the tumour-adjacent areas, comparable to the results of the other three cases examined and inconsistent with any pattern reported in MEN 1 previously, argues against this possibility.
In addition to gastrin and insulin, a broad variety of other growth factors, such as TGF-α and -β, IGF-1, platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), and ErbB-3 are abundantly expressed by endocrine pancreatic tumours [21] . Many of these factors are well known to stimulate beta cell growth in vitro [11, [23] [24] [25] [26] [27] [28] . Further support for a possible gastrin-independent mechanism for the increased beta Fig. 1 Pancreatic tumour removed from a patient with Zollinger-Ellison syndrome (case no. 2). Adjacent sections were stained for gastrin (a) and insulin (b) and imaged at ×40 magnification. Inserts show parts of the same sections at ×200 magnification cell replication adjacent to gastrinomas is the increased beta cell proliferation in the absence of gastrin staining and despite the low gastrin content in tumour lysates observed in the present as well as in previous studies [19, 29] . Moreover, the expansion of beta cell mass previously shown in rodent studies was much more pronounced during the combined administration of EGF and gastrin than with gastrin alone [11, 12] .
The sources of new beta cells in adult humans remain to be fully elucidated [4, 10, 30] . Lineage tracing studies suggest that replication of pre-existing beta cells is the primary mechanism for postnatal growth and regeneration of beta cells in mice [31] . Other sources of beta cells have been proposed, including progenitor cells residing in exocrine ducts [2, 15] , bone marrow stem cells [32] , and de-differentiation of beta cells to replicating epithelial cells prior to re-differentiation [33] . It is not possible to quantify with certainty any of these potential alternative sources of beta cells in human studies. The percentage of ductal cells positive for insulin is a proposed indirect measure of so-called ductal islet neogenesis [2, 34] . There was no increase in this index in the present gastrinoma cases.
In contrast, the frequency of beta cell replication was markedly increased in tumour-adjacent pancreas specimens. These findings therefore suggest that the replication of existing beta cells did at least in part mediate beta cell hyperplasia in islets adjacent to the tumours, even though other sources of new beta cells cannot be ruled out. Of note, studies in non-obese diabetic mice treated with EGF and gastrin also revealed large islets, suggesting that increased replication of beta cells Fig. 3 Fractional beta cell area (a) and islet size (b) in tumouradjacent and tumour-distant pancreatic sections from patients with Zollinger-Ellison syndrome and control subjects. Data are presented as means±SEM; statistics were carried out by one-way ANOVA; *significant differences vs control (Duncan's post hoc test) Fig. 2 Gastrinoma, tumour-adjacent islets (a); gastrinoma, tumourdistant islets (b); and control pancreas islets (c). There is marked islet hyperplasia in tumour-adjacent tissue within existing islets was a mechanism contributing to the observed increase in beta cell mass [12] . While beta cell replication is rare in adult humans, including those with long-standing type 2 diabetes [2, 9], we have recently reported increased beta cell replication countered by high rates of beta cell apoptosis in an 89-year-old patient with recent-onset type 1 diabetes [35] . Taken together, these reports reveal that beta cells in adult humans do retain the capacity for replication.
An interesting finding from the present studies was the decreased beta cell nuclear diameter in gastrinoma cases compared with control subjects. We recently reported that the beta cell nuclear diameter correlates closely with the BMI in humans [22] . One possible explanation for this is that the nuclear diameter in human beta cells is related to proinsulin synthesis, i.e. insulin demand per beta cell. Although this currently remains unproven for beta cells, it is consistent with findings in other endocrine cells, such as parathyroid cells, in humans [36, 37] . In the present study, the lower beta cell nuclear diameter in gastrinoma cases would be consistent with a compensatory downregulation of insulin secretion per beta cell in response to increased beta cell mass, and may explain the absence of hypoglycaemia despite an increase in beta cell mass in patients with gastrinomas.
The induction of beta cell regeneration from endogenous sources has been suggested as a promising future target for the treatment of patients with diabetes [4, 9] , and a number of compounds have been proposed to enhance the formation of new beta cells. Specifically, the gastrointestinal hormones gastrin, glucagon-like peptide 1 (GLP-1) and gastric inhibitory polypeptide (GIP) have been shown to induce beta cell proliferation in different in vitro models [11, [38] [39] [40] . However, it is difficult to directly translate these findings to the in vivo situation in adult humans, because the peptide concentrations used in those experiments were often far above the tolerable plasma concentrations in humans, and because the mitotic capacity of beta cells in culture is much higher than that of beta cells under in vivo conditions [41, 42] . In the present studies, Fig. 4 Sections of tumour-adjacent pancreatic tissue in two patients with Zollinger-Ellison syndrome (cases no. 3 (a) and 4 (b)) stained for insulin (green), Ki67 (red) and DAPI. Images were taken at ×200 magnification relative beta cell area and beta cell proliferation were normal in pancreas specimens that were not adjacent to the tumours, despite the presence of plasma concentrations of gastrin sufficient to lead to Zollinger-Ellison syndrome [17] . These results suggest that gastrin is not a suitable therapeutic approach for enhancement of new beta cell formation for diabetes therapy. Moreover, as discussed above, it is quite possible that the increased beta cell replication observed in gastrinomas is not driven by gastrin. Also, any effort to drive beta cell replication as an approach to restore beta cell mass in type 1 or type 2 diabetes is likely to be unsuccessful unless the underlying cause of the increased beta cell apoptosis is addressed, since replicating cells have an increased vulnerability to apoptosis [43, 44] .
Like all studies, the present studies have limitations. The four cases of pancreatic gastrinoma are relatively few, but it will be appreciated that this is a very rare disease [19] . We have compared pancreas from the four cases of gastrinoma with pancreas obtained at autopsy, albeit autopsies performed relatively rapidly after death and with well-preserved tissue. Nonetheless, it is possible that differences between gastrinoma cases and control subjects might be influenced by this different source of pancreas. Reassuringly, the measurements of beta cell fractional area and insulin replication were comparable in non-tumour-adjacent pancreas and control pancreas. Also, the frequency of TUNEL-positive beta cells was slightly (although not significantly) higher in the surgical pancreas samples than in the autopsy pancreas samples. Since TUNEL detects necrosis as well as apoptosis, these data assure that the autopsy pancreas samples studied were no more necrotic than the surgical samples. Finally, as already emphasised, we are unable to ascribe the observed tumour-adjacent islet beta cell hyperplasia in these cases to any specific growth factor, since gastrinomas express numerous growth factors. This limitation applies to prior studies showing increased islet size in pancreas of gastrinomas [18] [19] [20] . Since the factor that promotes beta cell replication adjacent to gastrinomas is unknown, it is therefore not possible to offer a mechanism through which this effect is accomplished.
In conclusion, we report islet hyperplasia and increased beta cell replication in islets adjacent to gastrinomas in human pancreas. In contrast, islet hyperplasia was not present and beta cell replication not increased in islets located >1 cm from these tumours. These data suggest that islet hyperplasia in patients with Zollinger-Ellison syndrome is likely caused by the local release of gastrin and/or other growth factors from the tumour rather than by increased circulating gastrin concentrations. It might be preferable to identify which of these factors promotes beta cell replication rather than focus on the use of gastrin as a potential therapeutic agent, since at best it does not appear to promote beta cell replication in humans at concentrations that are already toxic. These studies emphasize that it is possible to drive at least a proportion of beta cells in adult humans into cell cycle. This finding supports the concept of fostering beta cell replication as a potential treatment for diabetes provided the concurrent increased beta cell apoptosis can be overcome. 
